Organocatalysts typically used for the ring-opening polymerization (ROP) of cyclic ester monomers are applied to a thiolactone, -thiocaprolactone (tCL). In the absence of an Hbond donor, a nucleophilic polymerization mechanism is proposed. Despite the decreased ability of thioesters and thiols (versus esters and alcohols) to H-bond, H-bonding organocatalysts -a thiourea in combination with an H-bond accepting base -are also effective for the ROP of tCL. The increased nucleophilicity of thiols (versus alcohols) is implicated in the increased Mw/Mn of the poly(thiocaprolactone) versus poly(caprolactone), but deleterious transesterification is suppressed in the presence of a thiourea. The thioester monomer, tCL, is shown to be thermodynamically similar to -caprolactam but kinetically similar to -caprolactone.
INTRODUCTION
Organic catalysts for polymerization have provided efficient methods for the synthesis of well-defined, functionalized polymers. 1, 2 Cyclic esters and carbonates have been the most common monomers for organocatalytic ring-opening polymerization (ROP) methods;
acrylates have also been employed. [3] [4] [5] [6] Expanding the scope of monomers available for organocatalytic ROP increases the diversity of materials and their applications. 7, 8 The increased nucleophilicity of thiols and altered electrophilicity of thioesters versus alcohols/esters make poly(thioester)s potentially attractive synthons for materials and a challenge for controlled ROP chemistry. The mild conditions of organocatalytic ROP provide a route to well-defined poly(thioester)s.
Sporadic entries to the literature concerning the ROP of tCL have appeared since the initial report in 1968. 9, 10 Many reports feature late metal alkoxide (Sn, Cd, Mn, etc)
catalyzed ROP of tCL from alcohol or thiol initiators in solvent or bulk, 11, 12 and a ringexpansion polymerization technique has also been demonstrated. 13 A recent report of the ROP of -thiocaprolactone, tCL, used a lipase typically employed in esterification 14, 15 to yield poly(-thionocaprolactone) (PtCL) with higher Mw/Mn than poly(-caprolactone) (PCL) generated under identical conditions. This report demonstrates the extension of mild techniques for the ROP of esters to thioesters. Herein, we disclose the 'living' ROP of tCL using organocatalysts; the application of thiourea H-bond donors is discussed and a polymerization mechanism is proposed.
RESULTS AND DISCUSSION
Polymerization Thermodynamics. The first reports by Overberger and Weise in 1968 9, 10 suggested that strong base organocatalysts may be effective for the ROP of tCL; these reports demonstrated that strong alkoxide and alkyl-lithium bases effect the ROP of tCL in the bulk. 9 The reported polymerizations were uncontrolled, and access to molecular weight/dispersity information was limited. The effectiveness of strong alkoxide bases for ROP of tCl suggested that the strong base and potent transesterification agent, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 16 might also be effective for the ROP of tCL. Indeed, the introduction of TBD (5 mol %) into a CDCl3 solution of tCL (1 M) and octadecylthiol (2 mol %)) results in full conversion to polymer in 30 seconds (Mn = 6,000 g/mol; Mw/Mn = 1.7). If the reaction is not quenched, the Mw/Mn rapidly broadens post polymerization, and timing the quench of this rapid reaction is difficult.
As opposed to cyclic lactones, only the 7-membered thiolactone, -thiocaprolactone (tCL), is thought to be thermodynamically favored to undergo ROP. 9 However, the magnitude of the thermodynamic driving force has not been reported, but we were able to employ the rapid TBD-catalyzed ROP of tCL to measure the thermodynamics of The high activity of DBU and MTBD for the ROP of tCL combined with the observation that the considerably more basic but non-nucleophilic BEMP did not form polymer suggests a nucleophilic ROP mechanism. As shown in Table 1 Effect of Thiourea upon Catalysis. The perturbation to ring geometry that occurs upon the change from caprolactone to thiocaprolactone was expected to render thiourea H-bond donors ineffective for the activation of tCL. An NMR titration study in C6D6 was conducted to determine the binding constant between 1 (in eq 1) and tCL, eq 1, Keq = 2.7 ± 0.5. The analogous binding constant between CL and 1 was reported to be Keq = 42. 16 DFT-predicted geometries for CL and tCL (see SI) support the NMR binding studies. The experiment, the addition of TU has no effect on the rate, but the Mw/Mn is lower in the presence of 1 (1.83 versus 1.63). These results corroborate a previous report from our laboratory which suggested that the selectivity of 1/base cocatalyzed ROP is due, in part, to favorable interactions between base and 1. 22 The increased rate of the DBU experiment in the presence of 1 suggests that some monomer activation by TU may be operative despite the low binding constant, eq 1. The evolution of Mn vs conversion plots for the MTBD or coupling between those protons is eventually lost at 100 mM in each species. The same phenomena are observed when MTBD or DBU are used instead of BEMP, but this phenomenon is not observed in a solution of octadecylthiol alone. Thiols are generally weaker H-bond donors than alcohols, 23 and while BEMP cannot be observed to H-bond to the thiol (no chemical shift), its presence is sufficient to cause rapid chemical exchange.
These observations are consistent with a chain-end activation mode of action where BEMP is activating the thiol proton for nucleophilic attack, Scheme 2. This is in contrast to traditional poly(ester) organocatalysis wherein the chain-end is activated through strong H-bonding. 24, 25 In this broader context of ester monomers, tCL occupies an unusual space in that it demonstrates ROP behavior that is both more and less reactive than VL. The thiolactone is more reactive in that it opens upon the application of strong base (i.e. DBU, MTBD) alone, which may be attributed to the increased nucleophilicity of thiols vs alcohols. It is less reactive in that upon the application of strong base and 1, its rate of ROP is slower when compared to the same reaction with VL. 26 This observation could be due to the decreased ability of 1 to activate thioesters vs esters or the reduced electrophilicity of the thioester moiety.
CONCLUSION
The organocatalytic ROP of tCL exhibits the characteristics of a 'living' polymerization. were run with Spartan '14 at the DFT B3LYP/6-31G* level of theory, gas phase.
Typical ester organocatalytic ROP results in extremely narrow
Preparation of 6-mercaptohexanoic acid. A 1 L round bottom flask was charged with 6-bromohexanioc acid (10 g, 51.3 mmol), MeOH (500 mL), and a magnetic stir bar. After the 6-bromohexanoic acid dissolved, sodium hydrosulfide monohydrate (11.4 g, 154 mmol) was added, placed onto a hot/stir plate, and refluxed under a stream of N2 for 24 hours. After 24 hours, the reaction was removed from the heat and cooled to room temperature under N2. The reaction mixture was then acidified with H2SO4 (pH = 5). Next, DI water was added to mixture (~50 mL) and extracted three times with DCM. Organics were dried with MgSO4, and all volatiles were removed in vacuo to yield a colorless oil (6.67 g, 88% yield).
Crude material was carried forward without purification; characterization matched the literature. Binding Study Procedure. The titration method and the linear forms of the binding equations were used as previously described. 22 Briefly, two stock solutions were made for this experiment: solution A was 533.3 mM ε-tCL (78.12 mg, 0.6 mmol) dissolved in C6D6 
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